Neutrophil migration to sites of infection is the first line of cellular defense. A key event of migration is the maintenance of a polarized morphology, which is characterized by a single leading edge of filamentous actin and a contractile uropod devoid of filamentous actin protrusions. Using a mouse model of high Cdc42 activity, we previously demonstrated the importance of Cdc42 activity in neutrophil migration. However, the specific functions of Cdc42 in this process remain to be understood. Using neutrophils genetically deficient in Cdc42, we show that Cdc42 regulates directed migration by maintaining neutrophil polarity. Although it is known to be activated at the front, Cdc42 suppresses protrusions at the uropod. Interestingly, Cdc42 makes use of the integrin CD11b during this process. Cdc42 determines the redistribution of CD11b at the uropod. In turn, using CD11b- 
Introduction
Neutrophils are the first line of cellular defense by moving toward the site of infection. The neutrophil recruitment cascade into tissues is a multistep process that involves elements of tethering and rolling along the endothelium. Subsequent stimulation of neutrophils by inflammatory chemokines induces integrin activation that results in firm adhesion to the endothelium. Neutrophils then migrate along the endothelium before emigration out of the blood vessels. [1] [2] [3] The recruitment cascade is thus tightly regulated by external cues of adhesion and chemoattractant molecules. Failure to regulate any of these events may lead to abnormal innate immune responses, including immunodeficiency or aberrant inflammatory reactions. Therefore, understanding the molecular mechanisms that control neutrophil migration is of significant therapeutic importance.
Cell migration or chemotaxis involves key processes that enable the cells to interpret small changes in chemoattractant concentration and move persistently toward higher concentration of stimuli. The migration process can be viewed as a cycle of 3 interrelated events: protrusions, polarity, and directional sensing. 4, 5 The initial event is the accumulation of actin polymers (ie, lamellipodia) that protrudes at one pole of the cells defining the leading edge. At the same time, protrusions are suppressed along the lateral sides of the cells by actomyosin-driven cortical tension to restrict the lamellipodia to the leading edge. This asymmetry characterizes polarity. Although directional sensing promotes the orientation of the leading edge toward the source of the chemoattractant, persistent polarity is necessary to prevent deviation of the cell trajectory. Forward movement is also supported by a series of new integrinmediated adhesion sites at the leading edge, whereas adhesion is released at the rear of the cells.
Members of the Rho GTPase family are key regulators of cell migration. They cycle between an inactive guanosine diphosphate (GDP)-bound and active guanosine triphosphate (GTP)-bound form that is tightly regulated by 3 families of proteins. Guanine nucleotide exchange factors promote the exchange of GDP for GTP, whereas GTPase-activating proteins (GAPs) accelerate the rate of hydrolysis of GTP. In addition, guanine nucleotide dissociation inhibitors interfere with GTP binding by preventing membrane localization of the protein. Of the 22 Rho GTPases currently known, the best studied Rho GTPases are Rho, Rac, and Cdc42. 6 In recent years, it has been established that Rac is the central regulator of lamellipodia at the front. [7] [8] [9] [10] Conversely, RhoA masters cortical tension by acting at the sides and rear of the cells and by organizing the actomyosin meshwork. 11, 12 Cdc42 has emerged as a master regulator of cell polarity in numerous cell types. Cdc42 is active toward the front of migrating cells. 13 Cdc42 can promote polarity by determining the site where Rac is activated and thus where lamellipodia form. 14 Cdc42 can also promote polarity by localizing the microtubule-organizing center and microtubule orientation at the leading edge. 15, 16 Therefore, the prevailing view is that Cdc42 affects polarity by activating pathways that organize the front of the cells. However, the role of Cdc42 in neutrophil migration remains ill defined with seemingly conflicting results. Cdc42 can be activated at the front by the PAK (p21-activated kinase)-associated Rac guanine nucleotide exchange factor PIX␣. Using PIX␣-deficient neutrophils, Cdc42 has been proposed to regulate directional sensing and the spatial distribution of filamentous actin (F-actin) at the leading edge. 13 In contrast, recent work has suggested that Cdc42 may also regulate pathways that inhibit inappropriate protrusions. In the neutrophil cell line HL-60, abrogation of Cdc42 activity causes the formation of multiple pseudopodia. 17, 18 Our laboratory showed that neutrophils deficient in Cdc42GAP, a negative regulator of Cdc42, exhibited abnormal lateral protrusions and failed to persistently migrate in one direction. 19 These studies were performed in cell lines or using mouse models deficient in regulators of Cdc42, and thus, although very informative, did not directly address the role of Cdc42 in primary neutrophils. Furthermore, details in the mechanisms of Cdc42 functions are not clear.
To understand the precise mechanism by which Cdc42 regulates neutrophil migration, we used mice genetically deficient in Cdc42. We show that Cdc42 regulates polarity in migrating neutrophils. Interestingly, the myeloid integrin CD11b is probably critical during this process. CD11b functioning is defective in Cdc42-null cells, and restoring CD11b functioning in these cells rescues polarity. Furthermore, using CD11b-deficient cells, we show the direct involvement of CD11b in neutrophil polarity. Finally, mechanistic studies indicate that Cdc42 controls polarity by modulating the myosin light chain pathway at the uropod via CD11b. Our study thus emphasizes a new mechanism of Cdc42 in affecting polarity and reinforces the view that Cdc42 can regulate pathways that orchestrate the rear of the cells. Our study also reveals unexpected functions for the integrin CD11b in neutrophil polarity during migration.
Methods

Mouse strains
The conditional Cdc42 flox/flox mice were described before. 20 These mice were crossed with MxCre Tg/ϩ (MxCre Tg/ϩ ; Cdc42 flox/flox ). As controls, we used MxCre Tg/ϩ ;WT mice. We used a protocol of 3 injections of polyI: polyC (300 g per mouse, GE Healthcare) 8 to induce the deletion of Cdc42 floxed alleles. All mice including the controls were treated with polyI: polyC. Animals used were backcrossed for N ϭ 2 generation. CD11b-deficient animals (Itgam tm1Myd ) were purchased from The Jackson Laboratory. All animals were bred in the Cincinnati Children's Research Foundation pathogen-free animal facility. All experimental procedures were approved by the institutional animal committee at the Cincinnati Children's Research Foundation.
Neutrophil isolation
Neutrophils were isolated from bone marrow cells by Percoll gradient as previously described (purity 75% by cytospin). 19 Transwell migration assays were performed as previously described. 19 
Time lapse video microscopy
Time lapse video microscopy was performed in a Zigmond chamber (Neuro Probe) as previously described, 19 on glass or on surface coated with fibrinogen (Fg; 25 g/mL, Sigma-Aldrich). Migration was allowed in gradient of 10M formyl-methionyl-leucyl-phenylalanine (fMLP; SigmaAldrich). Migration was recorded every 5 seconds for 25 minutes with a Zeiss Axiovert 200 microscope at 10ϫ/0.3 NA objective, equipped with ORCA-ER camera (Hamamatsu) and driven by Openlab 5.0.2 software (Improvision). Analysis of cell migration was performed in the motile population that had moved more than 20 m 21 using Openlab. Speed, straightness of migration (distance from origin to total distance covered), and direction of the movement were analyzed. The experiments were performed in 3 independent experiments. Quantification analyses of 70 to 100 cells are from 3 independent videos.
To analyze actin protrusion dynamics, we used enhanced green fluorescent protein (eGFP)-actin cDNA constructed into retrovirus vector (kindly provided by Dr Punam Malik, Cincinnati, OH). MxCre Tg/ϩ ;WT and MxCre Tg/ϩ ; Cdc42 flox/flox bone marrow cells were transduced with retroviral supernatant eGFP-actin. 22 eGFP-actin-transduced cells were injected into lethally irradiated wild-type (WT) C57Bl/6 animals. Five weeks after bone marrow reconstitution, all animals were treated with polyI:polyC to induce floxed-Cdc42 allele deletion. Neutrophils were then isolated and used for experiments. Cells were stimulated with a local source of fMLP (10M). Fluorescent images were recorded every 30 seconds for 5 minutes with a Zeiss Axiovert 200 microscope at 40ϫ objective NA 0.7.
Immunofluorescence
To examine F-actin structures or distribution of phosphorylated myosin light chain (p-MLC), neutrophils (5 ϫ 10 4 ) were prestimulated with fMLP in Hanks balanced salt solution, 0.1% bovine serum albumin, 1mM Ca 2ϩ , 1mM Mg 2ϩ , and on Fg-coated slides for 0 and 10 minutes at 37°C. The cells were fixed, permeabilized with 0.1% Triton X-100, and stained with rhodamine-labeled phalloidin (Invitrogen) 19 or with rabbit anti-p-MLC (Cell Signaling Technology) followed by anti-rabbit Alexa 488 (Invitrogen). To examine CD11b distribution at the cell surface, cells were stimulated with fMLP and on fibrinogen and fixed. The cells were first stained with anti-CD45 or anti-CD44 followed by anti-rat Alexa 594, then with biotin-labeled anti-mouse anti-CD11b (clone M1/70), followed by streptavidin Alexa 488 (BD Biosciences). To analyze CD11b clustering in response to fMLP alone, the cells were stimulated with fMLP in water bath at 37°C. The cells were then fixed, allowed to adhere onto slides, and stained for CD11b. To examine intracellular distribution of CD11b, the cells were fixed, permeabilized with Triton, and stained for CD11b.
To block CD11b functions, WT cells were incubated with 10M anti-CD11b blocking antibody (eBioscience) for 20 minutes at room temperature and then used for experiments. For antibody-mediated crosslinking experiments, we used a method published by the Lowell group. 23, 24 The slides were coated with 25 g/mL of streptavidin (Sigma-Aldrich) at 37°C followed by 10 g/mL of biotin-labeled rat IgG2b-anti-CD11b (BD Biosciences) or isotype control A95-1 at 37°C. The slides were then blocked with 20% fetal bovine serum for 1 hour at 37°C.
To analyze ROCK functions, WT or Cdc42-null neutrophils were preincubated with the ROCK inhibitor Y-27632 (10M, Calbiochem) for 30 minutes at 37°C and analyzed for F-actin and p-MLC distribution.
Z series of fluorescence images were captured using a Leica DMI6000 or with Zeiss Axiovert 200 fluorescence microscope at 63ϫ/1.3 NA objective, with ORCA-ER C4742-95 camera (Hamamatsu) driven by Openlab software. 8, 22 Z series were analyzed by deconvolution using Volocity (Improvision). Quantifications were performed using region measurement in Openlab and Volocity and ImageJ software 25 (supplemental Methods, available on the Blood website; see the Supplemental Materials link at the top of the online article). At least 30 cells per sample and per experiment were analyzed; at least 3 independent experiments were performed. Quantifications shown in the study are from at least n ϭ 30 cells from 2 independent experiments and representative of all experiments.
Adhesion assays and integrin expression were analyzed as previously described. 19 Biochemistry experiments were analyzed as previously described 19, 26 (supplemental data).
Statistical analysis
All data were analyzed using a 2-tailed t test.
Results
Cdc42 regulates neutrophil migration by maintaining polarity
To examine the role of Cdc42 in neutrophil migration, we extracted neutrophils from mice with a conditional Cdc42 (flox) allele and expressing Cre under an inducible Mx1 promoter (MxCre Tg/ϩ ; Cdc42 flox/flox ) and controls (MxCre Tg/ϩ ;WT), 20 previously treated with polyI:polyC. Cdc42 deletion was confirmed by immunoblot ( Figure 1A) .
Neutrophil migration across the endothelial barrier depends on chemokines and interaction with the endothelium through adhesion molecules, known as integrins. Regulation of neutrophil migration can be context-dependent. We thus examined the role of Cdc42 in neutrophil migration in response to the neutrophil chemokine fMLP and on surface containing or not containing fibrinogen. Fibrinogen is a physiologic ligand of the neutrophil integrin CD11b/CD18 that is relevant in vivo for neutrophil locomotion 27 and subsequent inflammation. 28 We used Boyden chambers or transwells coated with fibrinogen, both of which depend on integrin activation, to assess random movement (chemokinesis) in uniform concentration of fMLP and directed migration (chemotaxis) in fMLP gradient. Loss of Cdc42 activity resulted in a marked reduction in both chemotaxis and chemokinesis ( Figure 1B-C) . In the Boyden chamber assay, Cdc42 Ϫ/Ϫ neutrophils exhibited higher chemotactic migration than chemokinesis, which suggests that Cdc42 Ϫ/Ϫ may sense the direction and that the chemotactic defect results from failure in locomotion. To examine the Cdc42-dependent migratory responses in more detail, neutrophil migration was examined using time-lapse videomicroscopy, in fMLP gradient and on fibrinogen surface. WT cells acquired a polarized shape with single pseudopodia facing the fMLP gradient. They produced few lateral protrusions and moved persistently toward fMLP (supplemental Video 1; Figure 1D ). Conversely, Cdc42 Ϫ/Ϫ neutrophils exhibited multiple protrusions. Some cells that were able to initiate polarity developed additional lateral protrusions that caused deviation of the cell trajectory (supplemental Video 2; Figure 1D ). Subsequently, Cdc42 Ϫ/Ϫ neutrophils failed to migrate persistently in one direction, and the ratio of distance from origin to total distance, or straightness of migration, 21 was markedly lower in Cdc42 Ϫ/Ϫ neutrophils than in WT cells. This result indicates that Cdc42 Ϫ/Ϫ neutrophils were unable to maintain polarity of migrating neutrophils. Nonetheless, the speed of migration and tail retraction were comparable between the genotypes. Cdc42 Ϫ/Ϫ neutrophils interpreted the fMLP gradient in that analysis of the cell trajectory, and the positions of the cells at 25 minutes indicated that they migrated up the gradient direction, although with frequent turns ( Figure 1D ). Therefore, Cdc42 regulates migration by maintaining polarity. As persistent polarity is essential for chemokinesis and chemotactic migration, defective migration of Cdc42 Ϫ/Ϫ neutrophils seen in transwell assays is probably arising from their abnormal polarity.
One feature of polarity is the formation of a lamellipodia made of F-actin at the cell front. 4 To examine actin protrusion dynamics, we used neutrophils expressing an eGFP-actin reporter, which has no impact on migration. During migration, eGFP-actin showed persistent polarized distribution at the front of WT neutrophils. In contrast, the eGFP-actin of Cdc42 Ϫ/Ϫ neutrophils was observed both at the front and at the back during the course of the movement ( Figure 2 ). Time-course analysis of F-actin distribution using rhodamine-phalloidin staining confirmed multiple F-actin protrusions around Cdc42 Ϫ/Ϫ cells (supplemental Figure 1) . Therefore, Cdc42 limits lateral protrusions and thus regulates migration by maintaining polarity.
Cdc42 regulates neutrophil polarity through CD11b
To investigate the mechanism of these events, we examined the role of the integrin CD11b for several reasons. First, our data showed impaired polarity of Cdc42-null neutrophils on adhesion to fibrinogen, a ligand of CD11b; second, we previously suggested that Cdc42GAP inhibits protrusions in a manner dependent on CD11b signaling. 19 Furthermore, in migrating cells, the polarized redistribution of integrins and downstream signaling are essential for the regulation of polarity. 29 Specifically, in migrating neutrophils, the plasma membrane becomes organized into domains that are different at the front and at the rear (eg, whereas the transmembrane receptor CD45 accumulates at the front, CD44 is concentrated at the rear), and maintaining this organization appears essential for neutrophil polarity. [30] [31] [32] Interestingly, CD11b is relocalized at the rear, where protrusions are suppressed, and this distribution is essential for adhesion strength and migration. 25, 33 Thus, we examined the role of Cdc42 in CD11b distribution, in comparison with that of CD45 and CD44, respectively. As previously reported, 32 CD45 was enriched in the front of WT polarized neutrophils, whereas CD44 distributed along the lateral sides and in the tail. In For personal use only. on October 6, 2017. by guest www.bloodjournal.org From agreement with previous studies, 33 in WT cells, CD11b was found at the rear, along with CD44 but not with CD45 ( Figure 3A) . In Cdc42 Ϫ/Ϫ cells, CD11b accumulated at the front, similarly to CD45, or in the tail but was absent along the sides of the cells ( Figure 3A) . Interestingly, alteration in the pattern of CD44 distribution was also observed in Cdc42 Ϫ/Ϫ cells with significant defect in CD44 staining. Quantification of CD11b and CD44 at the substrate contact surface confirmed impaired CD11b and CD44 distribution at the rear of Cdc42 Ϫ/Ϫ cells compared with WT cells ( Figure 3B ; supplemental Figure 2 ). This effect was not the result of differences in integrin expression or endocytosis as CD11b expression at the cell surface, which is up-regulated on chemokine stimulation, was comparable between WT and Cdc42 Ϫ/Ϫ neutrophils both on resting and fMLP-stimulated cells (supplemental Figure 3A) . Moreover, intracellular staining of CD11b did not reveal marked differences of intracellular CD11b between the genotypes (supplemental Figure 3B) . Expressions of CD18, CD45, and CD44 were similar in each genotype (supplemental Figure 3A) .
To investigate whether the abnormal CD11b distribution was associated with abnormal CD11b functioning, we examined in detail the regulation of CD11b functions by Cdc42. Like other integrins, CD11b is an adhesion molecule, which is regulated by subsequent inside-out and outside-in signals. [34] [35] [36] [37] [38] Chemokine stimulation, such as fMLP, initiates an intracellular signaling cascade that leads to conformational changes in CD11b that, in turn, induce CD11b to bind ligand. In response to inside-out signaling, CD11b can also redistribute and form intramembrane clusters that enhance adhesion. 25 Subsequently, activated integrins themselves trigger outside-in signals that are important for adhesion and migration. [36] [37] [38] Conformational changes of the integrin can be assayed with an adhesion assay. Adhesion to immobilized fibrinogen was unchanged in Cdc42 Ϫ/Ϫ neutrophils compared with WT cells ( Figure 4B ). We next examined CD11b clustering in response to fMLP alone in cell suspension. Interestingly, the formation of CD11b clusters in response to fMLP seen in WT cells 39 was significantly reduced in Cdc42 Ϫ/Ϫ cells ( Figure 4A ), suggesting that Cdc42 regulates CD11b clustering via inside-out signals. One function of integrin clustering, including CD11b, is to strengthen adhesion. 25, 34, 40 The strength of adhesion can be assayed by measuring cell detachment after stimulus removal. 41 Indeed, integrin activation is dependent on chemokines, Ca 2ϩ , and Mg 2ϩ . The strength of integrin-dependent adhesion is estimated, therefore, by the number of remaining attached cells after removal of fMLP, Ca 2ϩ , and Mg 2ϩ . Cell detachment was higher in Cdc42 Ϫ/Ϫ cells than in WT cells ( Figure 4B ). These findings suggest that Cdc42 regulates CD11b distribution/clustering and subsequent functioning.
To determine whether abnormal CD11b functioning is relevant to neutrophil polarity, we first used CD11b Ϫ/Ϫ neutrophils. Because CD11b Ϫ/Ϫ neutrophils cannot adhere to fibrinogen (not shown), we analyzed polarity of CD11b Ϫ/Ϫ cells on glass, which allows adhesion although with little spreading. Whereas WT cells developed polarity with single lamellipodia, CD11b Ϫ/Ϫ neutrophils exhibited multiple leading edges of F-actin, despite a lack of spreading ( Figure 5A ). This indicated that CD11b is required to limit protrusions. In comparison, Cdc42 Ϫ/Ϫ cells plated on glass also showed significant increased F-actin protrusions ( Figure 5A ). To further investigate the role of CD11b of cells plated on fibrinogen, we used a functional blocking anti-CD11b antibody, classically used to block CD11b functions. 42 Contrary to the use of CD11b-null cells, this method has the advantage to maintain CD11b expression while altering its function. It still preserves enough adhesion to fibrinogen to allow examination of the consequences of impaired CD11b functions on cellular polarity of cells plated on fibrinogen substrate. In WT neutrophils treated with anti-CD11b, such as like Cdc42 Ϫ/Ϫ neutrophils, CD11b was no longer clustered to the uropod (supplemental Figure 4) ; instead, it remained diffuse in the cell. Anti-CD11b treatment was associated with a significant increase in cell spreading, as seen in Cdc42 Ϫ/Ϫ cells. Importantly, anti-CD11b treatment led to the formation of multiple F-actin protrusions ( Figure 5B) . Therefore, CD11b plays a role in neutrophil F-actin polarity. Of note, the seemingly opposite effect of CD11b Ϫ/Ϫ , Cdc42 Ϫ/Ϫ cells, and cells treated with antiCD11b on cell spreading may be explained by differences in CD11b expression and potentially by diversity in integrin functions. Indeed, contrary to CD11b Ϫ/Ϫ cells, Cdc42 Ϫ/Ϫ neutrophils, or cells treated with anti-CD11b maintained CD11b expression and some static adhesion via CD11b although weaker than WT cells. Integrins play important roles in both spreading and contraction but using independent mechanisms. 43 Neutrophils spread during the first minute of stimulation and then acquire an elongated shape and narrow lamellipodia, suggesting an initial phase of spreading (which is not impaired in Cdc42 Ϫ/Ϫ cells) followed by contraction, as shown in supplemental Figure 1 . The fact that CD11b-null neutrophils do no spread whereas cells treated with anti-CD11b, in which CD11b functions are not totally abrogated, exhibited increased spreading suggests that, like other integrins, 43 CD11b may be involved in the initial phase of cell spreading on stimulation and then during contraction.
Cell migration trajectory up fMLP gradient was next examined. CD11b Ϫ/Ϫ cells extended protrusions back and forth, probably because of abnormal adhesion. These cells showed very little locomotion as previously described. 27 Interestingly, the cells that successfully covered more than 50 m failed to persistently migrate up fMLP gradient. Although their unstable adhesion may contribute to this migratory response, these cells did also develop multiple protrusions simultaneously, which caused changes in direction, as seen in Cdc42-null cells (supplemental Videos 3-5; Figure 5C ). This was also true for WT cells treated with antiCD11b antibody and plated on fibrinogen (data not shown). Therefore, CD11b plays a role in persistent polarity of migrating cells. Collectively, these findings suggest that modulation of CD11b functioning is relevant to neutrophil polarity.
Finally, to determine whether the regulation of neutrophil polarity by Cdc42 is CD11b-dependent, we examined polarity of Cdc42 Ϫ/Ϫ cells in which CD11b functioning had been restored. We reasoned that if Cdc42 regulates CD11b clusters and subsequent functioning and that this regulation is important for polarity, then restoration of CD11b functioning in Cdc42 Ϫ/Ϫ cells should rescue polarity. To restore CD11b functioning, we used the integrin crosslinking method, which is a well-established physiologic way to enforce integrin clustering and subsequent signaling. 23, 24 This consists of plating the cells on surface coated with anti-CD11b. This treatment crosslinks integrin molecules at the plasma membrane, thereby activating downstream integrin signals. CD11b crosslinking in Cdc42 Ϫ/Ϫ cells rescued the strength of adhesion to WT levels, indicating that CD11b functioning was rescued under these experimental conditions ( Figure 6A ). Remarkably, Cdc42 Ϫ/Ϫ cells plated on an anti-CD11b antibody-coated surface acquired single lamellipodia at their leading edge similarly to WT cells, indicating rescue of polarity ( Figure 6B ). As expected, cells plated on control surfaces coated with isotype-matched antibody show poor polarity. We next examined migration in a Zigmond chamber in fMLP gradient and on anti-CD11b-coated surface. Under these conditions, the migration speed was reduced to 3 m/min because of the strength of adhesion, in a similar manner between the genotypes. Cdc42 Ϫ/Ϫ cells persistently migrated up the fMLP gradient on anti-CD11b in contrast to Fg surface (supplemental Videos 6-7; Figure 6C ). Cdc42 Ϫ/Ϫ cells exhibited protrusions only at the leading edge during the course of migration and maintain the For personal use only. on October 6, 2017. by guest www.bloodjournal.org From direction, although not to the level of WT cells, indicating that strong adhesion partially rescued persistent migration of Cdc42-null cells. Whereas F-actin staining, which was examined at one time point of stimulation, indicated rescue of cells with single leading edge, video microscopy revealed partial rescue of migration, suggesting the involvement of additional mechanism(s) that are needed during chemotaxis in fMLP gradient. These findings indicate that the polarity defect in Cdc42 Ϫ/Ϫ cells arises secondary to defective CD11b functioning. Together, these results suggest that the loss of CD11b functioning of Cdc42 Ϫ/Ϫ cells is a cause of their loss of polarity.
Cdc42 recruits myosin light chain activity at the lateral sides of migrating neutrophils via CD11b
The suppression of membrane protrusions requires the assembly of myosin cytoskeleton, 4, 5, 44 which is regulated by RhoA signaling in neutrophils. 12 RhoA induces myosin filament reorganization through the activation of its effector ROCK, which in turn phosphorylates the myosin light chain (MLC). 12, 45 Interestingly, Cdc42 has been shown to control the activity of RhoA in HL-60 cells. 18 Because RhoA activity can be modulated by integrins, 46, 47 we investigated the possibility that Cdc42 controls polarity by regulating myosin cytoskeleton assembly via CD11b. We first confirmed that CD11b can activate the RhoA/MLC pathway and examined RhoA and MLC activities on CD11b crosslinking. CD11b crosslinking promotes the activation of RhoA and MLC compared with unstimulated cells ( Figure 7A ). We next examined the role of Cdc42 and CD11b on MLC phosphorylation on stimulation on fibrinogen. MLC phosphorylation was significantly decreased in Cdc42 Ϫ/Ϫ cells compared with WT cells (Figure 7B ). To examine the role of CD11b in MLC activation, we induced loss of CD11b functions with an antibody against CD11b because the extremely low adhesion characteristics of CD11b Ϫ/Ϫ cells did not permit p-MLC analysis by immunoblot. MLC activation was significantly reduced in WT cells treated with anti-CD11b ( Figure 7B ). Therefore, MLC activation depends on intact functioning of Cdc42 and CD11b. Interestingly, p-MLC was restored to WT levels in Cdc42 Ϫ/Ϫ cells plated on anti-CD11b-coated surface ( Figure 7B ). The activation of MLC by Cdc42 can thus be modulated by CD11b. We did not detect significant change in the level of RhoA activity in total cell lysates of Cdc42 Ϫ/Ϫ cells plated on fibrinogen compared with WT, by the pulldown assay. However, the sensitivity of the method may not effectively reveal differences. 26 Nevertheless, the fact that the ROCK inhibitor Y-27632 abrogated MLC activity ( Figure 7B ) suggested that MLC activation by Cdc42/CD11b axis may be RhoA/ROCK-dependent.
MLC-induced myosin assembly occurs at the uropod and along the sides of the cells. 2, 4 We next examined the cellular distribution of p-MLC using immunofluorescence staining with an antibody against p-MLC. 12 Consistently, in WT cells, p-MLC staining was localized at the back and along the lateral sides of WT cells after stimulation with fMLP and on fibrinogen substrate ( Figure 7C ). However, in Cdc42 Ϫ/Ϫ neutrophils, p-MLC staining was weak on the sides of the cells ( Figure 7C ). CD11b Ϫ/Ϫ cells plated on glass or WT cells treated with anti-CD11b plated on fibrinogen also showed weak lateral p-MLC staining ( Figure 7C ). In contrast, p-MLC staining was restored to WT levels in Cdc42 Ϫ/Ϫ cells plated on anti-CD11b-coated surface ( Figure 7C) . Consistent with the biochemistry results, Y-27632-treated cells showed impaired p-MLC signal along their lateral sides either on fibrinogen or on CD11b-coated plates. Interestingly, these cells exhibited multiple protrusions ( Figure 7C ). 12 Together, these results suggest that Cdc42 controls polarity via CD11b-induced ROCK/MLC myosin contraction.
Discussion
Our study provides evidence that Cdc42 is required to maintain polarity during neutrophil migration and describes a pathway linking Cdc42 to integrin activation during this process. Using neutrophils genetically deficient in Cdc42, we show that Cdc42 regulates CD11b distribution and functioning. In turn, CD11b appears to be necessary for proper MLC-based contractility to (A) Neutrophils were stimulated or not stimulated with fMLP in suspension at 37°C. The reaction was stopped by adding paraformaldehyde, and the cells were stained for CD11b. The arrows indicate small clusters and patches of CD11b in WT cells. CD11b clusters were analyzed in ImageJ software. A 3-dimensional representation of fluorescence intensity, which was generated in ImageJ, is shown. Histogram represents the number of CD11b clusters per cell (mean Ϯ SD; n ϭ 40 cells from 3 independent experiments). Scale bar represents 5 m. The slides were mounted with Slowfade Gold antifade reagent. Fluorescence images were captured at room temperature using a Leica DMIRB fluorescence microscope at 63ϫ objective, NA 1.3, with ORCA-ER C4742-95 camera driven and analyzed with Openlab software. (B) Adhesion and deadhesion of neutrophils. Neutrophils, stimulated with fMLP in the presence of Ca 2ϩ and Mg 2ϩ , were allowed to adhere to fibrinogen at the indicated time. The nonadherent fraction was removed. The wells were carefully washed with phosphate-buffered saline, and the adherent fraction was immediately enumerated at the light microscope. Deadhesion: 30 minutes after adhesion to fibrinogen, the nonadherent fraction was removed and fMLP was replaced with phosphatebuffered saline without Ca 2ϩ and Mg 2ϩ . The remaining adherent fraction was enumerated at the light microscope 10 minutes after fMLP removal. The histograms represent the number of adherent cells per field (mean Ϯ SD; n ϭ 3 independent experiments).
suppress inappropriate protrusions. Therefore, our study uncovers a new mechanism regulated by Cdc42 that is critical in maintaining neutrophil polarity. Furthermore, it reveals an unexpected role for CD11b in polarity during neutrophil migration.
An important aspect of the regulation of polarity is to determine where protrusions and contractions are formed. This can be achieved by controlling the local activation of divergent signals that are segregated at the front and at the back. 4 In many studies, Cdc42 has been suggested to control polarity by determining where lamellipodia form, either through Rac activity and/or via the reorientation of the microtubule-organizing center and Golgi apparatus toward the leading edge. [14] [15] [16] 48 Our study clearly shows that Cdc42 is essential for neutrophil polarity, but it reveals that Cdc42 controls this function by regulating signals outside the leading edge (eg, contractile signals at the back). This is in agreement with previous studies in the neutrophilic cell line HL-60 17, 18 and in cells deficient in the negative regulator of Cdc42, Cdc42GAP. 19 Although associated with increased GTP-bound Cdc42, Cdc42GAP deficiency caused increased membrane protrusions. 19 Depending on the cellular context, it is thought that "too much" or "too little" protein activity leads to defective downstream signaling and thereby loss of function of the protein. These observations highlight the importance of having a tight control of the cycle GTP-bound and GDP-bound Cdc42 for proper Rho GTPase functioning. On the other hand, Cdc42GAP deficiency, but not Cdc42 deficiency, caused increased velocity of migration. 19 The load of GTP-bound versus GDP-bound Cdc42 may quantitatively modulate chemokinesis. Alternatively, we cannot fully exclude that Cdc42GAP regulates some aspect of migration independently of Cdc42 activity. Other studies in neutrophils deficient in a Cdc42-positive regulator PIX␣, reported that Cdc42 controls directional sensing and determines where F-actin is polymerized at the front. 13 Although we cannot exclude such a role for Cdc42, our study did not detect a defect in directional sensing in that Cdc42-deficient cells were able to move toward higher fMLP concentration, although with frequent turns. These variations may reflect an agonist dependency of some Cdc42 functions. Indeed, fMLP, but not C5a, which was used in the study in PIX␣-deficient neutrophils, 13 reportedly recruits neutrophils via ␤2 integrins. 49 However, these previous studies lack specificity regarding Cdc42 functions. Our new data using Cdc42-null neutrophils do provide direct evidence that Cdc42 is required to maintain polarity of migrating neutrophils by regulating contractile signals at the uropod.
Our study suggests a new mechanism of neutrophil polarity and links Cdc42 to integrin signaling during this process. The interplay of Rho GTPases and integrins in the regulation of polarity was previously described in fibroblasts. Rac can recruit high-affinity ␣v␤3 receptor at the lamellipodia. 50 The integrin ␣4 binds to paxillin and recruits an adenosine diphosphate-ribosylation factor-GAP that leads to the inhibition of Rac activity at the back of the cells, thereby restricting Rac-mediated protrusions to the front. 29 This indicates that integrins are not just attachment molecules but also serve a critical role in polarity. Our study indicates that Cdc42 uses CD11b to limit protrusions, which suggests that integrinmediated adhesion is also critical for neutrophil polarity. We show defective polarity of CD11b-null cells or WT cells treated with an antibody against CD11b. Furthermore, although Cdc42-null cells have defective CD11b functioning, restoration of CD11b functions using antibody crosslinking rescued polarity and partially rescued chemotaxis. The partial rescue of chemotaxis may indicate that an For personal use only. on October 6, 2017. by guest www.bloodjournal.org From additional mechanism may play an important role in Cdc42 polarity, either by acting upstream or downstream or by acting in parallel. Nevertheless, these findings reveal an unexpected role for CD11b in polarity. CD11b plays a fundamental role during neutrophil migration both in vitro and in vivo. 27, 42, 51 CD11b regulates locomotion on endothelium in which the cells migrate on endothelium to distant emigration sites. 27 As CD11b-null cells showed dramatic reduction in speed, the prevailing view has been that CD11b contributes to pulling the cell forward. However, analyzing the trajectory of CD11b-null neutrophils that traveled at least for a short distance in gradient of fMLP clearly indicates defective polarity as the cells developed multiple protrusions that induced deviation of their trajectory. A similar pattern of movement was observed in wild-type monocytes treated with an antibody against ␤2 integrin. 2 Therefore, CD11b may play several functions during migration. These functions may result from specific location of the integrin. CD11b can be found in multiple cellular domains, eg, granule-like compartments and at the leading edge 52 and at the uropod. 25, 33 The plasma membrane at the uropod is specifically enriched in several adhesion molecules, including ICAM-1, ICAM-2, and CD44, 32 and this organization is essential for neutrophil polarity. 30, 31 Interestingly, CD11b redistribution at the uropod with CD44 is Cdc42-dependent. Therefore, there may be a CD11b-dependent process that is regulated by Cdc42 and that specifically promotes polarity.
Our study suggests that the mechanism by which the Cdc42-CD11b axis limits membrane protrusions involves the ROCK/ MLC pathway leading to myosin contraction at the trailing edge. In neutrophils, the assembly of myosin II filaments depends on RhoA signaling, which acts through the activation of its effector ROCK and then MLC phosphorylation. 12, 45 A study by Van Keymeulen et al, performed in HL-60 cells, previously showed that Cdc42 inhibition causes increased protrusions. 18 Although of unknown mechanism, this phenotype was associated with decreased RhoA activity, as assessed by fluorescence resonance energy transfer analysis, thus suggesting that, although Cdc42 is activated at the front, it stabilizes polarity by regulating signals at the back. 18 Although we did not detect any change in the activity of RhoA in Cdc42-deficient cells using the pulldown assay, we show that Cdc42 regulates myosin contraction at the uropod. Furthermore, Cdc42 controls the local distribution of CD11b; CD11b, in turn, acts as a signaling molecule by modulating the MLC pathway at the trailing edge in a ROCK-dependent manner. These observations suggest that CD11b emerges as a secondary signal induced by Cdc42 to limit protrusions at the uropod. Because CD11b can modulate RhoA activity, Cdc42 may well use CD11b to determine where RhoA is active in the cells. A detailed analysis of the distribution of RhoA activity in these cells will require fluorescence resonance energy transfer analysis. 18 Finally, because Cdc42 has been shown to control the distribution of Rac, 14 we cannot fully exclude an additional effect on Rac-induced protrusions in our model.
It will be interesting to analyze in detail how Cdc42 controls CD11b distribution in polarized neutrophils. One possibility is that Cdc42 does this by controlling the compartmentalization of the plasma membrane. During neutrophil polarization, the plasma membrane becomes organized into discrete domains with different lipid and protein compositions that are important for polarity. [30] [31] [32] Lipid rafts have been implicated in the regulation of integrin clustering by providing platform for adaptor and signaling molecules. 53 In favor of this, we show that the distribution of both CD11b and the rear marker CD44 is impaired in Cdc42-deficient cells and CD44 is known to distribute at the rear into lipid raft-like domains. 32 In conclusion, our study supports a link between Cdc42 and CD11b-mediated adhesion in neutrophil polarity. Mutations that impair expression or activation of all forms of ␤2 integrins, WT cells were crosslinked with CD11b or isotype controls for 20 minutes and were analyzed for RhoA activity using the pulldown assay with Rhotekine beads. Total RhoA of cell lysates is used as loading control. The cells were also analyzed for phosphorylated MLC at Ser19 and total p38 MAPK as loading control (one blot representative of 3 independent experiments). (B) WT and Cdc42 Ϫ/Ϫ neutrophils with or without Y-27632 treatment were stimulated with fMLP and seeded on fibrinogen or on an anti-CD11b-coated plate for 10 minutes. In addition, WT cells treated with functional anti-CD11b blocking antibody were stimulated with fMLP and on Fg-coated slides. The cells were lysed on plate and analyzed for p-MLC. Histograms represent densitometry analysis compared with WT after normalization to loading (mean Ϯ SD; n ϭ 3 independent experiments). Of note, the experiments with and without Y-27632 were performed independently such that the absolute level of p-MLC is not comparable. (C) Cells, treated or not with Y-27632, were stimulated or not on fMLP and on Fg or glass or anti-CD11b-coated slides for 10 minutes. The cells were stained with anti-p-MLC (in green) and rhodamine-phalloidin (in red). In addition, WT cells treated with anti-CD11b or isotype were plated on fibrinogen and analyzed for F-actin and p-MLC distribution. These later experiments were performed separately. WT cells treated with isotype are not different from nontreated WT cells, and only one image of WT control is shown. The black-and-white pictures represent the phase-contrast images. The images colored in red and green are one x-y view of the z-series analyzed by deconvolution in Volocity. Percentage of cells with p-MLC staining along the lateral sides of the cells is enumerated (mean Ϯ SD; n ϭ 3 independent experiments). The average intensity of fluorescence per area of p-MLC along the sides of the cells was analyzed in Openlab, and the data are shown as histogram (mean Ϯ SD of n ϭ 30-50 cells, from at least 2 independent experiments). Percentage of cells with more than one protrusion (mean Ϯ SD; n ϭ 3 independent experiments); at least 30 cells per experiments were analyzed. *Results that are significantly different from WT (P Ͻ .05). Arrows point to actin protrusions. Arrowheads point to p-MLC lateral distribution. Scale bar represents 5 m. The slides were mounted with Slowfade Gold antifade reagent. Z series of fluorescence images were captured at room temperature using a Leica DMI6000 fluorescence microscope at 63ϫ/1.3 NA objective, with ORCA-ER C4742-95 camera driven by Openlab software and analyzed by deconvolution with Volocity software.
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